A fine-diameter silicon carbide (SiC) fiber is a promising reinforcing fiber for ceramic matrix composites with high temperature applications because of its high tensile strength and oxidation resistance. However, functional SiC fibers with microwave-absorbing properties are rarely reported. In this work, we report a new microwave-absorbing SiC-based fiber made from a new polymer containing titanium and boron (Si-C-Ti-B polymer) using a polymer precursor route. The evolution in morphology, microstructure and phase are studied by FT-IR, XRD, SEM, and TEM during the conversion of the polymer fiber into a ceramic fiber. The results show that the polymer fibers covert into inorganic fibers above 900 C and maintain an amorphous state up to 1300 C. The effect of pyrolysis-temperature (900-1300 C) on the tensile strength, dielectric properties and microwave-absorption are also studied. The highest tensile strength of the obtained fiber is 1.2 GPa when produced at 1200 C. The calculated reflection coefficient of the SiC-based fiber pyrolysed at 1200 C with a thickness of 3.48 mm is less than À10 dB at the X band (8.2-12.4 GHz), which reveals that the obtained ceramic fiber has the potential to be a microwaveabsorbing material. This study not only offers a new polymer precursor for new SiC-based fibers, but also provides a functional thermo-structural material.
Introduction
Silicon carbide (SiC) is an excellent thermo-structural material, because of its low density, high strength, high elastic modulus, excellent thermal shock resistance, and superior chemical inertness. 1 An outstanding example of SiC as a thermostructural material applied at high temperature was the nediameter continuous SiC ber that was produced using a polymer precursor route. 2,3 Furthermore, SiC was also recognized as a semiconductor material due to its large bandgap (2.3-3.3 eV) 4 and it possesses very good microwave-absorbing properties. For example, polymer-derived SiC 5, 6 and SiC powder doped by other elements 7, 8 have been shown to have good microwave-absorbing capabilities. One can expect that the combination of these two properties will make SiC a unique functional thermo-structural material. However, the preparation of ne-diameter SiC bers 9 with microwave-absorbing properties still lacks study. As selected examples, Liu and her co-workers 10 reported that a cobalt containing SiC ber possessed microwave-absorbing properties with a calculated reection coefficient (RC) lower than À3 dB at a thickness of 5.0 mm at the X-band (8.2-12.4 GHz); and Yin and his co-workers 11 reported that the microwave-absorbing properties of a SiC ber coated with boron nitride made using chemical vapour inltration (CVI) were also excellent at the X-band.
Fine-diameter SiC bers are commonly used to prepare berreinforced SiC matrix composites (SiC f /SiC), which can circumvent the brittle nature of monolithic SiC ceramic. Unlike monolithic SiC, the microwave-absorbing properties of SiC f /SiC were determined by the n-D architectural surface/structure, 12 the chemical composition of the matrix, 13 the interface, 14 and its reinforced ber. Obviously, the reinforced SiC ber should also play an important role in the all-over microwave-absorbing properties of SiC f /SiC. Therefore, a ne-diameter SiC ber with microwave-absorbing properties is desired for SiC f /SiC or other composites to be applied at high temperatures. Herein, we report a new ne-diameter SiC-based ber as an excellent electromagnetic wave absorbing material at the X-band (8.2-12.4 GHz) made from a new polymer precursor. The obtained SiC-based bers can serve as potential functional thermostructural materials when applied at high temperatures. 300-600 (D ¼ 1.08). Ti(OBu) 4 was further puried by distillation under vacuum prior to use. Hexane was distilled under nitrogen from sodium benzophenone before use. Other commercially available reagents were used as received.
Polymer syntheses
12.2 g of liquid polysilane was introduced into a 50 mL Schlenk ask under an argon atmosphere, then 4.1 g of Ti(OBu) 4 and 5.1 g of B(OBu) 3 were introduced into the Schlenk ask with stirring at room temperature for 10 min to give a pale yellow solution. Subsequently, the reaction mixture was heated up to 292 C for 2 h under an argon ow to give a dark-blue viscous product, which was then mixed with 37.8 g of polycarbosilane in hexane at room temperature. Finally, the solvent was removed under vacuum at room temperature, and the resultant blue polymer (Si-C-Ti-B polymer) was further dried at 80 C for at least 12 h under vacuum. Yield: 53.0 g, 89.5%. IR (KBr): 2950 cm À1 (n as (C-H)), 2902 (n s (C-H)), 2100 (n(Si-H)). 1 H NMR (300.13 MHz, CDCl 3 ): d 3.5-5.4 (br, SiH), À1 to 1.5 (br, CH). 29 
Preparation of polymer ber
The obtained polymer was placed into the reservoir of a laboratory piston-type melt-spinning machine (MMCH05, Chemat, Northridge, CA). It was then heated up to 258 C under the protection of an argon atmosphere for 4 h. Then, the molten polymer was extruded from the single capillary (0.2 mm) as a lament, which was collected continuously on a bobbin at a winding speed of 450 m min À1 .
Curing and pyrolysis
The as-spun bers were cut into ca. 75 mm lengths and placed into a tube furnace. Then they were cured in air at 210 C for 90 min. The pyrolysis of the cured bers was carried out at a set temperature (900-1300 C) in N 2 gas owing at 400 cm 3 min À1 . The heating rate from room temperature to 800 C and from 800 C to the set temperature was 5 C min À1 and 3 C min À1 , respectively.
Characterization
Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet Avatar 360 apparatus (Nicolet, USA) using the potassium bromide (KBr) pressed-disk technique in the 4000-400 cm À1 frequency range. Raman spectra were recorded on a Lab-Ram I (Dilor, France) spectrometer employing a semiconductor laser (l ¼ 532 nm) for characterization of the various carbon states. Gel permeation chromatography (GPC) (Agilent 1100 system, Agilent, USA) measurements were performed at 30 C with tetrahydrofuran as the eluent (1.0 mL min À1 ). NMR experiments were carried out on a Bruker Advance II-300 spectrometer (300 MHz, Bruker, Germany) for 1 H and 29 Si{ 1 H} spectra. The 1 H and 29 Si chemical shis are relative to tetramethylsilane (TMS) (assigned to 0 ppm). The chemical composition (Si, Ti and B) was determined using inductively coupled plasma optical emission spectroscopy using an ICP-OES (IRIS Intrepid XSP, Thermo sher, USA) spectrometer. The oxygen and carbon content was ascertained using an oxygen nitrogen analyzer (EMGA-620W, Horiba, Japan) and a carbon sulfur analyzer (EMIA-320V, Horiba), respectively. The tensile strength and elastic modulus of the monolament were ascertained using a universal testing machine (AG-X plus, Shimadzu, Japan). The gauge length was 25 mm and the crosshead speed was 1 mm min À1 . At least 20 effective measurements were conducted and the average value was used. Scanning electron microscopy (SEM, SU-70, Hitachi, Japan) was used to observe the fracture and surface morphology. Transmission electron microscopy (TEM, JEM-2100, Jeol, Japan) was performed to reveal the microstructure. The crystallization behavior of the pyrolysis SiC-based ber was monitored using X-ray powder diffraction (XRD, D8 Advance, Bruker, Germany). The relative complex permittivity was recorded using a vector network analyzer (N5222A, Agilent Technologies, USA) at a frequency ranging from 8.2 to 12.4 GHz (X-band). The samples were prepared by dispersing a short ber into 65 wt% wax paraffin uniformly, and pressing it into coaxial rings with an outer diameter of 7.0 mm and an inner diameter of 3.04 mm. The material measurement soware used was Agilent 85071E and the measurement route was the transmission line method.
Results and discussion
Preparation of SiC-based ber Polymer syntheses. The most successful way to produce nediameter continuous SiC-based bers was the polymer precursor route based on Yajima's pioneer works. 2,17 Among the reported preceramic polymers, only polycarbosilane 18 and polymetallacarbosilane 19 were successfully used to produce continuous SiC-based bers on an industrial scale. In our previous studies, we have found that an excellent spinnable polytitanocarbosilane can be prepared from the reaction of liquid polysilane and Ti(OBu) 4 . 20 Following this direction, we prepared a new polymer from the reaction of liquid polysilane, Ti(OBu) 4 , and B(OBu) 3 at 292 C in one pot to give a boron modied polytitanocarbosilane. The reason that we used B(OBu) 3 was to incorporate boron into the SiC-based ber, since boron-doped SiC ceramics have been reported to exhibit excellent microwave-absorbing behavior. 7 The obtained blue polymer (Si-C-Ti-B polymer) has a molecular weight (M n ) of 1276 (D ¼ 2.95) measured by gel permeation chromatography (GPC). The 29 Si{ 1 H} NMR spectrum (see the ESI †) shows two broad signals at ca. À0.2 and À17.5 ppm, which are assigned to SiC 4 and HSiC 3 groups, 21 respectively. The FT-IR spectrum (see the ESI †) also shows a characteristic Si-H stretch at ca. 2100 cm À1 , which is similar to that of polytitanocarbosilane. 21 The content of boron and titanium, detected using an inductively coupled plasma optical emission spectrometer (ICP-OES), in the resultant polymer was 1.6% and 1.0%, respectively. These results indicated that the obtained polymer (Si-C-Ti-B polymer) had a similar structure to the reported polytitanocarbosilane, 21 except that it contained boron.
Melting-spin and its conversion to a ceramic ber
The obtained polymer with very good spinnability was then spun into a continuous preceramic polymer ber (Fig. 1B , also called the "Si-C-Ti-B polymer ber") using the melting-spin technique at 244 C. And then, it was cut into short bers with lengths of ca. 75 mm and crosslinked in air at 210 C. The resultant infusible ber was then further pyrolysed in N 2 at 900-1300 C (no tension was applied) to give SiC-based ceramic bers (Fig. 1C, shrunk to ca. 60 mm) .
To understand the conversion of the organic polymer into the inorganic ber, 22 we monitored the resultant bers at different treatment temperatures using FT-IR analysis. As shown in Fig. 2A , the absorption peaks of the polymer ber at 2100 cm À1 , 1020 cm À1 and 2850-2980 cm À1 are attributed to the stretches of Si-H, Si-C, and C-H in the HSiC 3 , Si-CH 2 -Si and CH n (n ¼ 1, 2 or 3) groups, respectively. The absorption peak at 1250 cm À1 is assigned to the bending of C-H in the Si-CH 3 group. These results show that there is no signicant difference between the as-synthesised polymer and the polymer ber aer melting-spin.
Major changes can be found between the polymer ber ( Fig. 2A) , the infusible polymer ber (Fig. 2B ) and the ceramic ber (Fig. 2C) . Aer air curing, the absorption intensity at 2100 cm À1 (Si-H stretch) decreased, while the absorption intensity around 3500 cm À1 (broad, O-H stretch) increased. The decrease in intensity at 2100 cm À1 (Si-H stretch) indicated the consumption of the Si-H group during the curing process. And the appearance of a broad peak around 3500 cm À1 (O-H stretch) indicated the formation of OH groups aer oxidative curing. In agreement with the air curing of polytitanocarbosilane, 21 the purpose of the crosslinking of the polymer ber was achieved by the oxidative reaction of Si-H with air to form a Si-O-Si Fig. 1 (A) The flowchart of preparation of the SiC-based fiber, (B) Si-C-Ti-B polymer fiber, and (C) SiC-based ceramic fiber. substructure via the dehydration of the Si-OH groups. When the infusible bers were pyrolysed at 900 C or above, the absorptions around 2850-2980 cm À1 (C-H stretch), 2100 cm À1 (Si-H stretch), and 1250 cm À1 (C-H bending in the Si-CH 3 group) disappeared. This indicated the conversion of the organic polymer into a ceramic ber was almost complete at this or a higher temperature, since the SiC ceramic did not contain any C-H or Si-H groups. The formation of the SiCbased ceramic species can be conrmed by the broad absorption peaks at 780 cm À1 , 1100 cm À1 and 800-1030 cm À1 (Fig. 2C-G) , which are attributed to the stretches of Si-C and Si-O in the amorphous SiC framework and the Si-O-Si substructure, respectively. Thus, our titanium and boron containing polymer (Si-C-Ti-B polymer) with low cost and good spinnability represents a new polymer precursor for new ceramic bers.
Characterization of the SiC-based ber
Strength. The most important property of a SiC-based ber applied as a functional thermo-structural material is the tensile strength. Therefore, we rst investigated the strength of the SiCbased ber at different pyrolysed temperatures from 900 to 1300 C in N 2 . As shown in Fig. 3 , the results show that the strength of the ber increases with the elevation in temperature and reaches a maximum of 1.2 GPa at 1200 C. Considering the different processing techniques on pilot and industry scales (the fast treatment of continuous bers with tension 23 at the nal pyrolysis-temperature) a value of 1.2 GPa on laboratory scale without tension is very good. Microstructure and composition. In general, the strength of a ber is determined by its microstructure and chemical composition. In order to understand the aforementioned results, we then tried to study the obtained ceramic bers using characterization data obtained using scanning electron microscopy (SEM), X-ray powder diffraction (XRD) and transmission electron microscopy (TEM).
As shown in Fig. 4 , the surfaces of the obtained ceramic bers are smooth when the ber is pyrolysed at 900-1200 C.
When the pyrolysis-temperature is 1300 C, the ceramic ber appears to have a rough surface, and there are a few tiny pores (with a diameter of ca. 120 nm) present in the ber. This result indicates that the decrease in the tensile strength at 1300 C could be caused by the formation of these tiny pores, which may be generated during the decomposition of the meta-stable Si-C-O phase. 24 To further understand the aforementioned results, we next studied the obtained ceramic bers by XRD characterization. The results showed (Fig. S5 , see the ESI †) that no diffraction peaks were found when the treatment temperature was 1300 C or lower, which indicated that there is no visible crystallization of b-SiC at these pyrolysis-temperatures. The TEM studies also revealed the amorphous structures (no obvious lattice ngers or diffraction rings) of the ceramic bers prepared from 1000 to 1300 C (Fig. S6 , see the ESI †), which were consistent with the XRD analysis.
It is well-known that a Si-C-O ber prepared from polycarbosilane would decompose and generate a b-SiC nanocrystal, pyrolytic carbon and gas species at 1100 C or higher. 25 The crystallization of b-SiC has also been found in Si-C-Ti-O bers at 1100 C or higher. 26 Therefore, the best strength of these two bers could not be found above 1100 C. In contrast, our ber can reach a maximum strength at 1200 C due to its amorphous structure. The crystallization of b-SiC can be retarded, and the obtained ceramic bers remained in their amorphous form aer doping with boron, which may be incorporated into the Si-C-O skeleton as a BO 3 substructure (the presence of boron and titanium in the ceramic ber can be identied using the ICP-OES data as shown in Table S1 , see the ESI †). Aer curing in air, more oxygen was introduced into the Si-C-O meta-stable phase by forming Si-O bonds. Thus, the high content of oxygen could be responsible for the low crystallization degree of b-SiC in the ceramic ber.
Microwave-absorbing properties. To evaluate the microwaveabsorbing properties of the boron-doped SiC-based bers, we tried to measure the dielectric constants (permittivity, 3 ¼ 3 0 À j3 00 ) of the obtained SiC-based bers based on the transmissionline theory and metal back-panel model. 27 According to this theory and model, the thickness of the layered structure is a key factor in the microwave-absorbing behavior. Yin and his coworkers 5 have studied the relationship between permittivity and frequency related to a reection coefficient (RC) of less than À10 dB for a polymer-derived SiC sample at a thickness of 2.86 mm.
In their examples, the bandwidth could cover from 8.2 to 12.4 GHz (RC # À10 dB) when the real part (3 0 ) ranged from 2.5 to 15 and the imaginary part (3 00 ) ranged from 2 to 8.
For our SiC-based bers, their relationship between the permittivity and frequency is shown in Fig. 5 . The real part of the permittivity has a tendency to increase when the pyrolysistemperature is lower than 1200 C. For example, when the frequency is 10.2 GHz, the real part 3 0 is equal to 3.0, 3.9, 5.5, and 5.8 at 900, 1000, 1100, and 1200 C, respectively. However, the real part of the permittivity decreases to 2.7 (frequency is 10.2 GHz) when annealed at 1300 C. As shown in Fig. 5B , the loss tangent increases when the annealing-temperature rises, and reaches a maximum at 1200 C. In general, the change in the dielectric properties of the SiCbased materials is mainly caused by variation in the conductivity, 13a which is governed by the content and degree of order of pyrolytic carbon in the polymer-derived SiC-based ceramic. 12b The carbon structure of the ber was, therefore, studied using Raman analysis. As shown in Fig. 6 , all the spectra of the samples show the presence of free carbon detected as D (ca. 1350 cm À1 , amorphous carbon) and G bands (ca. 1600 cm À1 , ordered carbon). 28 Both signals (D and G bands) are slightly increased when the pyrolysis-temperature rises up to 1200 C, which indicates the generation of free carbon and an enhancement in the degree of order.
To determine the microwave-absorbing capacity of our bers, we tried to calculate the frequency as a function of the sample thickness corresponding to a calculated RC # À10 dB (Fig. 7) based on transmission line theory. In the selected thickness range from 2 to 5 mm, no regions corresponding to a RC # À10 dB could be found aer the ber was annealed at 900 C and 1300 C. Interestingly, regions with different areas appeared when the ber was annealed at 1000, 1100, or 1200 C. For example, when the bers were annealed at 1200 C and reached a layered thickness of 3.48 mm, the RC would be lower than À10 dB in the whole X band (Fig. 7C ). This result indicated that our SiC-based ber annealed at 1200 C had the strongest capacity for electromagnetic wave absorption among all of the annealed bers.
Conclusions
A new SiC-based ber containing titanium and boron was prepared in the present study from a new polymer precursor. The ber is amorphous and its tensile strength and microwaveabsorbing capacity at the X band are best when it was pyrolysed at 1200 C. The obtained ceramic ber has the potential to serve as a microwave-absorbing thermo-structural material.
